advancements in non-invasive methods such as transient elastography (TE) has rapidly replaced percutaneous liver biopsy for both the assessment of liver disease severity and the management of patients with chronic liver diseases (CLD) [8, 9] .
Among the non-invasive techniques, TE which is a one-dimensional ultrasound system that induces an external mechanical vibration which propagates through the liver, with faster movement indicating a stiffer liver [10] , has been the most widely validated non-invasive tool for the detection of liver fibrosis, with good reproducibility and good diagnostic value in liver fibrosis [11] [12] [13] [14] . More recently, other elastographic techniques including magnetic resonance (MR) elastography and ultrasound (US) based point shear wave elastography (pSWE) and two-dimensional shear wave elastography (2D SWE) have also been developed [9, [15] [16] [17] . In the pSWE technique [Virtual Touch Quantification (VTQ; Siemens, Berlin, Germany) ElastPQ (Philips Medical Systems, Bothell, WA, USA), S-shearwave (Samsung Medison, Seoul, Korea)], a single focused acoustic radiation force pushing pulse with a short duration (~262 µsec) generates one shear wave with localized displacement in tissue using the same probe as that of a conventional diagnostic US system [18] . The more recently developed 2DSWE techniques [real-time SWE (Supersonic Imagine [SSI], Aix en Provence, France), 2D SWE (GE Healthcare [GE] , Milwaukee, WI, USA), ElastQ (Philips Medical Systems) and continuous SWE (Canon Medical Systems, Otawara-shi, JAPAN)], on the other hand, enables instant qualitative evaluation and accurate quantitative evaluation of tissue elasticity by providing real-time colored stiffness maps and a large field-of-view (FOV) on commercial US systems [10, 14] .
Until now, there have only been a few studies comparing two or more elastography platforms [19] . As applicability and reliability can vary depending on the study population as well as which elastography platforms are used, it would be meaningful to evaluate the applicability and reliability of various elastography platforms in the same population. Moreover, there have been few studies examining the influence of abdominal wall thickness to the applicability, reliability and measurement of stiffness values with the differing SWE platforms. Therefore, the purpose of our study was to compare the applicability, reliability, and stiffness values among four SWE platforms including TE, pSWE and two types of 2D SWE (SSI and GE) using phantoms, and to assess whether abdominal wall thickness influences the applicability, reliability and stiffness values at each SWE platform using 15 phantoms covered with different level of porcine abdominal wall thickness.
Material and methods

Phantoms
To evaluate the applicability, reliability, and stiffness values of the four SWE platforms, 15 phantoms were used. As a control group, we used five commercially available liver fibrosis phantoms (#1~#5), filled with a polymer gel mimicking tissue (Zerdine) formulated with differing values of Young's modulus (Computerized Imaging Reference System Company [CIRS], Norfolk, VA, USA). The actual values of Young's modulus of each phantom were not provided by the manufacturer. The mean stiffness values (mean±standard deviation) on TE for the original phantoms (#1~#5) measured by the three observers were 3.6±0.0 kPa, 14.5±0.3 kPa, 16.1 ±0.2 kPa, 16.7±0.1 kPa and 18.4±0.4 kPa, respectively. The phantom was 10 cm wide and 12 cm deep and was contained in a 14 cm high cylinder. The density of the phantom was 1.03 g/cm3. In addition, in order to evaluate the influence of abdominal wall thickness in stiffness measurements on SWE platforms, we created additional phantoms by placing porcine abdominal walls of different thicknesses consisting of dermis, subcutaneous fat layer and muscle layer similar to human abdominal wall on the commercial phantoms. In total, 15 different phantom subjects, consisting of 5 original phantoms, 5 phantoms with thin abdominal wall (original phantoms covered with 1.3 cm thick porcine tissue, #6~#10) and 5 phantoms with thick abdominal wall (original phantoms covered with 2.3 cm thick porcine tissue, #11~#15) were included (fig 1) .
Stiffness measurements
We measured stiffness values of the 15 different phantoms (5 original phantoms, 5 phantoms with thin wall, and 5 phantoms with thick wall) using four SWE platforms including TE (FibroScan, Echosens, Paris, France), pSWE (RS80A with Prestige, Samsung Medison, Seoul, Korea), 2DSWE/SSI (Aixplorer, SuperSonic Imagine, Aix-en-Provence, France) and 2D SWE/GE (Logiq E9, GE healthcare, Milwaukee, WI, USA). Three radiologists (S.M.L., W.C., and H.J.K., with 9, 7 and 5 years of experience in abdominal ultrasound, respectively) measured the 15 different phantoms using pSWE, 2D SWE/SSI and 2DSWE/GE platforms ( fig 2) . One radiologist (S.M.L.) and two technicians (Y.H.L. and M.R.L., with 3 years of experience in TE) performed TE for all 15 phantoms. The observers were blinded to the results obtained by the other observers. For intra-observer variability, one radiologist (S.M.L.) measured the 15 phantoms on TE and the three SWE platforms twice, with a one-day interval. A teach session, 10 sequential stiffness values were measured, from which the median stiffness value, the mean stiffness value, and its standard deviation (SD) were obtained. Stiffness values were expressed in kPa in all platforms. Median stiffness values were taken as the representative result for comparison of stiffness values. To evaluate the repeatability of measurements which could be regarded as an absolute reliability indicator, coefficients of variation (CVs) for each measurement were also calculated using the following equation: CV = SD/ mean stiffness value [20] . A lower CV indicates higher repeatability of each measurement [20, 21] .
Transient Elastography (TE)
We performed TE using a 3.5-MHx "M" probe, which is the standard probe recommended for a measurement depth between 25-65 mm [22] . The tip of the probe was placed at the center of the phantom surface with minimum compression using the free-hand technique. The location could be adjusted using a time-motion image. Thereafter, the observer pressed the "shot" button of the transducer attached to a mechanical vibrator to provide an external punch pulse. The median value from 10 repeated valid measurements was expressed in kPa on the screen. The software then determined whether it was a valid measurement for each measurement and displayed it on the screen [17] .
Point Shear Wave Elastography (pSWE)
When using the pSWE technique implemented on RS80A with Prestige, also referred to as S-shear wave, the convex probe (CA1-7A), similar to that for an abdominal ultrasound scan, was held with minimum pressure on the center of the phantom surface. Under B-mode image guidance, a fixed region-of-interest (ROI) was placed 1.5-2cm away from the phantom surface in the same location for the 10 repeated valid measurements. The pSWE platform did not report stiffness values when measurements were invalid.
2D Shear Wave Elastography: SuperSonic Imagine (SSI) and GE healthcare
We used two types of 2D SWE with different mechanisms to generate the shear waves and to track the shear waves in real-time. With 2DSWE/SSI, a shear wave was generated using push beams in a multiple focal zone configuration, and a software beamformer enabled tracking of the shear waves at a fast frame rate [23] . The 2DSWE/ GE, on the other hand, used the comb-push technique to produce shear waves with a comb pattern and timealigned sequential tracking to catch the shear wave signal at a faster frame rate with parallel beamforming capability on a conventional US system [24] [25] [26] .
The observers held the convex probe (SC6-1 probe for SSI and C1-6 probe for GE) with minimum compression on the surface of the phantom. The colored FOV box (~2 cm 2 ) was set up for placement 1.5-2 cm away from the phantom surface at the same location for the 10 repeated measurements. A 1x1 cm 2 circular region-of-interest (ROI, named Q-Box TM in SSI), which was adjustable in size and position, was placed in areas of the measured FOV box that displayed homogeneous color filling. No or inadequate color mapping indicated an invalid measurement.
Technical failure was defined as when a valid measurement or a proper color map with less than 30% artifacts in the sampling area was not obtained in 10 trials [17, 27] . When the interquartile range (IQR)/median ratio of the 10 measurements was higher than 30%, the data was regarded as unreliable [28] . The applicability rate was defined as the ratio of exams with technical success and reliable measurements and all exams [29] .
Statistical analysis
Statistical analyses were performed using commercially available software programs (SPSS, version 23, IBM, Armonk, NY; or MedCal, version 16, MedCalc software, Mariakerke, Belgium). We used the χ 2 or Fisher's exact test to determine whether the applicability rate differed depending on SWE platforms and different level of abdominal wall thickness. Intra-observer and inter-observer reproducibility were determined using intraclass correlation (ICC). For each case consisting of 10 measurements, a coefficient of variation (CV; standard deviation / average) showing absolute measurement repeatability was obtained and tested for normality using the Kolmogorov-Smirnov test. The Kruskal-Wallis test was performed to compare the CVs among the four different SWE platforms and three different level of abdominal wall thickness. To compare stiffness values among all platforms and different level of abdominal wall thickness, the Kruskal-Wallis test was used. A p value of less than 0.05 was considered to indicate a significant difference. On post hoc analysis for multiple comparisons, the p value was corrected using Bonferroni's method.
Results
Applicability rate
The applicability rate for all phantoms was significantly greatest in the 2D SWE/GE (97.8%, 44/45), followed by TE (95.6%, 43/45), pSWE (93.3%, 42/45) and 2D SWE/SSI (68.9%, 31/45; p<0.001) (Table I) . On post-hoc analysis using Bonferroni adjusted p values (p=0.005/6=0.008), the applicability rate of 2D SWE/SSI was significantly lower than TE, pSWE and 2D SWE/GE (p=0.001, p=0.003, p<0.001, respectively).
There were no cases of technical failure nor unreliable data in any of the four SWE platforms, showing 100% applicability for original phantoms (#1-#5) without porcine abdominal wall. However, the applicability of all SWE platforms for phantoms (#6-#10) with a thin (1.3 cm) porcine abdominal wall and phantoms (#11-#15) with a thick (2.3 cm) porcine abdominal wall were 96.7% and 70.0%, respectively. There were significantly different applicability rates among all SWE platforms for phantoms with a thick porcine abdominal wall (p<0.001). The applicability rates of pSWE (p=0.004) and 2D SWE/ SSI (p<0.001) were significantly different according to the level of abdominal wall thickness, while those of TE (p=0.123) and 2D SWE/GE (p=0.36) did not show a significant difference.
In addition, the applicability rate of the four SWE platforms in the three observers was 88.3%, 88.3%, and 90.0%, respectively, with no significant difference (p=0.945).
Reproducibility and repeatability
All platforms provided high ICCs for intra-observer reproducibility, ranging from 0.97-0.99 (Table II) . The ICC for inter-observer reproducibility was 0.99 in all platforms. Although the pooled CV was less than 1.0 in all platforms, the CVs were significantly different in pSWE (0.068), 2D SWE/ GE (0.067), TE (0.051) and 2D SWE/SSI (0.030) (p<0.001, Table III ). For original phantoms, 2D SWE/SSI showed lowest CV (0.012), indicating best repeatability among four SWE platforms. CVs were significantly different in phantoms with thick porcine abdominal wall (all p<0.05). CVs in all platforms, except for 2D SWE/SSI, tended to increase as wall thickness increased.
Stiffness value
Mean stiffness values for all 15 phantoms measured in TE, pSWE, 2D SWE/SSI and 2D SWE/GE were 15.1 kPa, 16.2 kPa, 15.6 kPa and 13.3 kPa, respectively (p=0.001, Table IV ). Post hoc analysis using the Mann-Whitney U test revealed that the mean stiffness value in 2D SWE/GE was significantly lower than those of pSWE and 2D SWE/SSI (p<0.001, p=0.002), while the value in 2D SWE/GE was not significantly different from that of TE (p=0.027, using a significance level of p=0.008, Bonferroni's method).
Mean stiffness values of original phantoms measured by the four SWE platforms were not different from those of phantoms with thin porcine wall and thick wall (all p>0.05). In addition, the mean stiffness values of the 15 phantoms in all of the four SWE platforms measured by the three observers were not significantly different (p=0.915).
Discussions
US-based SWE platforms have been widely used as a tool to measure liver stiffness values, and thus nearly all US manufacturers have developed their own SWE platforms [9] . Although these US-based SWE platforms use the same acoustic radiation force impulse imaging (ARFI) technique to generate shear waves, different mechanisms to detect the shear waves in real-time are implemented on each commercial US system [16] . Currently, it remains unclear whether the measured stiffness values using these US-based SWE platforms are interchangeable, and yet few studies have compared the re- The results are expressed asmean±standard deviation (kPa). ; †Comparison of mean stiffness values for all phantoms between four elastography platforms using the Kruskal-Wallis test; ‡Comparison of mean stiffness values between different levels of abdominal wall thickness at each elastography platform;TE, transient elastography; pSWE, point shear wave elastography; 2D SWE/SSI, 2D-shear wave elastography -SuperSonic Imagine; 2D SWE/GE, 2D-shear wave elastography -GE Healthcare producibility of these differing SWE platforms [30] [31] [32] . In addition, there had not yet been any evaluation regarding differences in their applicability, reproducibility, and stiffness values of different SWE platforms according to abdominal wall thickness. For this purpose, we performed a comparison between TE, pSWE, 2D SWE/SSI and 2D SWE/GE in 15 different tissue-mimicking stiffness phantoms covered with three levels of porcine abdominal wall thickness and demonstrated that the applicability rates were significantly different among the four SWE platforms and applicability. Specifically, among the four platforms, 2D SWE/SSI showed a lower applicability rate (68.9%) compared with the other three platforms due to higher technical failure rates in phantoms with thick abdominal wall. In addition, although all four SWE platforms showed excellent intra-and inter-observer reproducibility, absolute repeatability expressed in CV was significantly different according to platforms and porcine abdominal wall thicknesses. However, the mean stiffness values did not significantly differ according to abdominal wall thickness in each SWE platform, even though the values obtained by the four SWE platforms were significantly different.
In our study, we found that 2D SWE/SSI may be highly influenced in terms of applicability according to abdominal wall thickness, which is consistent with previous research comparing 2D SWE/SSI, pSWE and TE performed by Cassinotto et al [19] . They demonstrated that 2D SWE/SSI the technical failure of 2D SWE/SSI was associated with obesity and intercostal wall thickness. This can be explained by the fact that there is a reduction of shear wave propagation when the soft tissue is thick and 2D SWE/SSI seems to be particularly affected by this phenomenon [19] . Therefore, according to our study results, in patients with thick abdominal wall, TE, pSWE or 2D SWE/GE may be more suitable for the measurement of stiffness value than 2D SWE/SSI. Excellent intra-and inter-observer reproducibility were demonstrated in all four SWE platforms in our study. Our study results are similar to that of a previous study using three SWE platforms and strain elastography [33] . However, we found pSWE showed highest CV, suggesting the lowest absolute repeatability. Despite having the lowest applicability, 2D SWE/SSI showed the lowest CV (the greatest absolute repeatability) among the four SWEs. This result is concordant with that of a previous study comparing 2D SWE/SSI and two kinds of pSWE using a homogenous stiffness phantom of 16.9kPa [21] , in which the CVs of 2D SWE/SSI (0-0.03) were low, as in our results. Furthermore, we demonstrated that the CVs in all platforms, except for 2D SWE/SSI, tended to increase as the abdominal wall thickness increased, sug-gesting that abdominal wall thickness may affect applicability and repeatability. Although there have been several reports regarding the influence of measurement depth [21, [34] [35] , until now there has been no report regarding the influence of abdominal wall thickness.
Our study showed a significant difference in mean stiffness values for all phantoms obtained using the four SWEs. On post hoc analysis, the three SWE stiffness values were not shown to be different from TE values, but 2D SWE of GE showed lower values than pSWE and 2D SWE/SSI. This result is discordant with a previous study in which the stiffness values of 2D SWE/SSI and 2D SWE/GE were shown to be similar [33] . In addition, this result is inconsistent with that of a phantom experiment by Song et al in which the SWV measured at 2D SWE/GE was higher than that measured at TE [24] . It is unclear why our results differ from previous research; however, we believe that our results may be more reliable as our study included more types of phantoms than previous studies.
In a previous study regarding diagnostic performance of 2D SWE/GE in hepatic fibrosis staging, the distance between transducer and Glisson capsule was one of the factors affecting its applicability, but it was not a factor affecting the liver stiffness value [36] . It was in accordance with our results. In our study using 4 different SWE platforms, applicability rate and repeatability tends to decrease in phantoms with a thick abdominal wall, but there was no difference in stiffness value according to the abdominal wall thickness. However, our study demonstrating the effects of abdominal wall thickness on applicability and repeatability were different depending on the SWE platforms.
Our study has several limitations. First, our study was an in vitro study using phantoms. Therefore, although we meticulously created porcine abdominal walls in two different thicknesses, they may not reflect the actual diversity of abdominal wall thicknesses in humans. In addition, it can be different from the actual clinical setting, as we could not simulate other factors affecting the measurement of stiffness values such as ascites and respiration. On the other hand, since all other factors were controlled, the influence of abdominal wall thickness may be better demonstrated. Second, we used five non-standardized phantoms of which absolute stiffness values were not provided. If we had used standardized phantoms, we might have determined which elastography method may have been more exact. Third, the mean values of the five phantoms used in our study were 3.6 kPa, 14.5 kPa, 16.1 kPa, 16.7 kPa and 18.4 kPa, which were measured using TE, the most validated elastography tool, and we could not include a phantom with stiffness values for interme-diate fibrosis, according to a meta-analysis of TE for the detection of hepatic fibrosis [37] . Lastly, we only used convex probes for the three SWE platforms and an M probe for TE. If we had measured stiffness values using a linear probe or an XL probe, our results may have been different.
In conclusion, despite the excellent reproducibility of each of the four SWE platforms, we found significantly different applicability, repeatability and stiffness measurements among the platforms. Furthermore, applicability and repeatability of some of the SWE platforms would be more affected by abdominal wall thickness than other SWE platforms. Although 2D SWE/SSI had the highest repeatability, other SWE platforms would be recommended in patients with a thick abdominal wall because the applicability of 2D SWE/SSI was more affected by abdominal wall thickness. Thus, when evaluating liver fibrosis, the appropriate SWE platform could be selected taking into consideration the abdominal thickness of the patients.
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